The magnetic dipole moments of the spin-3 2 doubly charmed, bottom and charmed-bottom baryons are obtained by means of the light-cone QCD sum rule. The magnetic dipole moments of these baryons encode important information of their internal structure and shape deformations. The numerical results are given as, µ Ξ * ++ cc = 2.94 ± 0.95, µ Ξ * + cc = −0.67 ± 0.11, µ Ω * + cc = −0.52 ± 0.07, µ Ξ * 0 bb = 2.30 ± 0.55, µ Ξ * − bb = −1.39 ± 0.32, µ Ω * − bb = −1.56 ± 0.33, µ Ξ * + bc = 2.12 ± 0.68, µ Ξ * 0 bc = −0.96 ± 0.32 and µ Ω * + bc
I. MOTIVATION
The doubly heavy baryons presumably contain two heavy quark and one light quark. One of them was first reported by the SELEX Collaboration in the decay mode Ξ + cc → Λ + c K − π + with the mass M Ξ + cc = 3519 ± 1 M eV [1] . However, neither Belle [2] , nor FOCUS [3] , nor BABAR [4] could confirm the doubly heavy baryons in e − e + annihilations. It is worth pointing out that the analysis of the SELEX experiment with other experimental groups is achieved through different production mechanisms. Therefore, the results of the SELEX Collaboration cannot be ruled out. In 2017, LHCb Collaboration observed another doubly heavy baryon Ξ ++ cc in the mass spectrum of Λ + c K − π + π + with the mass M Ξ ++ cc = 3621.40 ± 0.72 ± 0.27 ± 0.14 M eV [5] . The investigation for the doubly heavy baryons may provide with valuable knowledge for comprehension of the nonperturbative QCD effects. One of the several point of views which makes the physics of doubly heavy baryons charming is that the binding of two charm quarks and a light quark provides a unique perspective for dynamics of confinement. The research of the properties of doubly heavy baryons is one of the active and interesting branches of particle physics. The dynamic (e.g. strong, radiative and weak decays) and static (e.g. masses and magnetic dipole moments) properties of the spin-1 2 and spin-3 2 doubly heavy baryons have been studied extensively in literature .
One of the main characteristic parameters of the doubly heavy baryons is their electromagnetic properties. As the electromagnetic properties characterize necessary aspects of the internal structure of baryons, it is very important to investigate the baryon electromagnetic form factors, especially the magnetic dipole moments. The magnitude and sign of the dipole magnetic moment ensure crucial information on size, structure and shape deformations of baryons. Apparently, determining the magnetic dipole moment is an important step in our comprehension of the baryon properties with regards to quark-gluon degrees of freedom. The magnetic dipole moments of the spin-3 2 doubly heavy baryons were first extracted by Lichtenberg [75] in the framework of naive quark model. Besides naive quark model the magnetic dipole moments of the spin-3 2 doubly heavy baryons have also been calculated in the MIT bag model [71] [72] [73] , the effective quark mass and screened charge scheme [63, 64] , nonrelativistic quark model (NRQM) [22] , the relativistic harmonic confinement model (RHM) [74] , skyrmion model [76] , hypercentral constituent quark model (HCQM) [38] [39] [40] , chiral constituent quark model (χCQM) [67] and chiral perturbation theory [59] .
In this study, we are going to concentrate on the doubly heavy baryons (hereafter we will denote these baryons as B * QQ ) with spin-parity J P = 3 2 + , and calculate their magnetic dipole moments by the help of light-cone QCD sum rule (LCSR) approach, which is one of the powerful nonperturbative methods in hadron physics providing us to calculate properties of the particles and processes. In LCSR, the hadronic properties are expressed with regards to the vacuum condensates and the light-cone distribution amplitudes (DAs) of the on-shell particles [for details, see for instance [82] [83] [84] ]. This method is quite successful in determining properties of the doubly heavy baryons (see e.g. [24, 31, 32, [48] [49] [50] 79] ).
The outline of the paper is as follows. In section II, the details of the magnetic dipole moments calculations for the doubly heavy baryons with spin-3 2 are presented. In section III, we numerically analyze the sum rules obtained for the magnetic dipole moments. Section IV is reserved for discussion and concluding remarks.
II. FORMALISM
To obtain the magnetic dipole moment of the doubly heavy baryons by using the LCSR approach, we begin with the subsequent correlation function,
Here, J µ(ν) is the interpolating current of the B * QQ baryons and the electromagnetic current J α is given as,
where e q is the electric charge of the corresponding quark. From a technical point of view, the correlation function can be rewritten in a more appropriate form by the help of external background electromagnetic (EBGEM) field,
where F is the EBGEM field and F αβ = i(ε α q β − ε β q α ) with ε β and q α being the polarization and four-momentum of the EBGEM field, respectively. Since the EBGEM field can be made arbitrarily small, the correlation function in Eq.
(3) can be acquired by expanding in powers of the EBGEM field,
and keeping only terms Π (1) µν (p, q), which corresponds to the single photon emission [85] (the technical details about the EBGEM field method can be found in [86] ). The main advantage of using the EBGEM field approach relies on the fact that it separates the soft and hard photon emissions in an explicitly gauge invariant way [85] . The Π (0) µν (p, q) is the correlation function in the absence of the EBGEM field, and gives rise to the mass sum rules of the hadrons, which is not relevant for our case.
After these general comments, we can now move on deriving the LCSR for the magnetic dipole moment of the doubly heavy baryons. The correlation function given in Eq. (3) can be calculated with regards to hadronic properties, known as hadronic representation. In addition to this it can be obtained with regards to the quark-gluon properties in the deep Euclidean region, known as QCD representation. By matching the results of these representations using the dispersion relation and quarkhadron duality ansatz, one can acquire the corresponding sum rules.
We start to calculate the correlation function with respect to hadronic degrees of freedom including the physical properties of the particles under investigation. To this end, we insert an intermediate set of B * QQ baryons into the correlation function. As a consequence, we obtain
where the dots stand for contributions of higher states and the continuum. The matrix elements in Eq. (5) are defined as [87, 88] ,
where λ B * QQ is the residue of B * QQ baryon and u µ (p, s) is the Rarita-Schwinger spinor. Summation over spins of B * QQ baryon is carried out as:
In principle, make use of the above equations, we can get the final expression of the hadronic representation of the correlator, however we encounter two problems. One of them is related to the fact that not all Lorentz structures appearing in Eq. (9) are independent. The second problem is the correlator can also receive contributions from spin-1/2 particles, which should be removed. To eliminate the spin-1/2 contributions and obtain only independent structures in the correlator, we perform the ordering for Dirac matrices as γ µ p /ε /q /γ ν and remove terms with γ µ at the beginning, γ ν at the end and all those proportional to p µ and p ν [89] . As a result, for hadronic side we get,
The magnetic dipole moment form factor, G M (q 2 ), is defined with respect to the form factors F i (q 2 ) in the following manner [87, 88] :
. At q 2 = 0, the magnetic dipole form factors are obtained with respect tothe functions F i (0) as:
The magnetic dipole moment (µ B * QQ ), is defined in the following way:
In this work we derive sum rules for the form factors F i (q 2 ) at first, then in numerical analyses we will use the above relations to obtain the values of the magnetic dipole moments using the QCD sum rules for the form factors. The final form of the hadronic representation with respect to the chosen structures in momentum space is:
where Π Had i are functions of the form factors F i (q 2 ) and other hadronic parameters; and ... represents other independent structures.
To obtain the expression of the correlation function with respect to the quark-gluon parameters, the explicit form for the interpolating current of the B * QQ baryons needs to be chosen. In this work, we consider the B * QQ baryons with the quantum numbers J P = 3 2 + . The interpolating current is given as [32] ,
where q is the light; and Q and Q ′ are the two heavy quarks, respectively. We give the quark content of the spin-3/2 doubly heavy baryons in Table I . After contracting pairs of quark fields and using the Wick's theorem, the correlation function becomes: 
whereS ij Q(q) (x) = CS ij T Q(q) (x)C and, S ij q (x) and S ij Q (x) are the light and heavy quark propagators, respectively. The light and heavy quark propagators are given as [90, 91] ,
where
with G µν is the gluon field strength tensor, K i are Bessel functions of the second kind, m q and m Q are the light and heavy quark mass respectively. The correlator in Eq. (16) includes different contributions: the photon can be emitted both perturbatively or nonperturbatively. When the photon is emitted perturbatively, one of the propagators in Eq. (16) is replaced by
and the remaining two propagators are replaced with the full quark propagators including the free (perturbative) part as well as the interacting parts (with gluon or QCD vacuum) as nonperturbative contributions. The total perturbative photon emission is acquired by performing the replacement mentioned above for the perturbatively interacting quark propagator with the photon and making use of the replacement of the remaining propagators by their free parts. In case of nonperturbative photon emission, the light quark propagator in Eq. (16) is replaced by
where Γ i represent the full set of Dirac matrices. Under this approach, two remaining quark propagators are taken as the full propagators including perturbative as well as nonperturbative contributions. Once Eq. (20) is inserted into Eq. (16), there seem matrix elements such as γ(q) |q(x)Γ i q(0)| 0 and γ(q) |q(x)Γ i G αβ q(0)| 0 , representing the nonperturbative contributions. Furthermore, nonlocal operators such asandqG 2 q are anticipated to appear. In this study, we consider operators with only one gluon field and contributions coming from three particle nonlocal operators and ignore terms with four quarks, and two gluonsqG 2 q. In order to calculate the nonperturbative contributions, we need the matrix elements of the nonlocal operators between the photon states and the vacuum and these matrix elements are described with respect to the photon DAs with definite twists. Up to twist-4 the explicit expressions of the photon DAs are given in [85] . Using these expressions for the propagators and DAs for the photon, the correlation functions from the QCD side can be computed. The QCD and hadronic sides of the correlation function are then matched using dispersion relation. The next step in deriving the sum rules for the magnetic dipole moments of the spin- 3 2 doubly heavy baryons is applying double Borel transformations (B) over the p 2 and (p + q) 2 on the both sides of the correlation function in order to suppress the contributions of higher states and continuum. As a result, we obtain
which leads to BΠ Had
corresponding to the structures g µν p /ε /q / and g µν ε /q /. In this manner we extract the QCD sum rules for the form factors F 1 and F 2 . They are very lengthy functions, therefore we do not give their explicit expressions here.
III. NUMERICAL ANALYSIS
In the present section, we achieve numerical analysis for the spin- 3 2 doubly heavy baryons. We use m u = m d = 0, m s = 96 +8 −4 MeV, m c = 1.67 ± 0.07 GeV, m b = 4.78 ± 0.06 GeV, f 3γ = −0.0039 GeV 2 [85] ,= (−0.24 ± 0.01) 3 GeV 3 [92] , m 2 0 = 0.8 ± 0.1 GeV 2 , g 2 s G 2 = 0.88 GeV 4 and χ = −2.85 ± 0.5 GeV −2 [93] . The masses of the Ξ * QQ , Ξ * QQ ′ , Ω * QQ and Ω * QQ ′ baryons are borrowed from Ref. [32] , in which the mass sum rules have been used to compute them. These masses are used to have the following values: M Ξ * cc = 3.72 ± 0.18 GeV, M Ω * cc = 3.78 ± 0.16 GeV, M Ξ * bc = 7.25 ± 0.20 GeV, M Ω * bc = 7.30 ± 0.20 GeV, M Ξ * bb = 10.40 ± 1.00 GeV and M Ω * cc = 10.50 ± 0.20 GeV. In order to specify the magnetic dipole moments of doubly heavy baryons, the value of the residues are needed. The residues of the doubly heavy baryons are computed in Ref. [32] . These residues are calculated to have the following values: λ Ξ * cc = 0.12 ± 0.01 GeV 3 , λ Ω * cc = 0.14 ± 0.02 GeV 3 , λ Ξ * bc = 0.15 ± 0.01 GeV 3 , λ Ω * bc = 0.18 ± 0.02 GeV 3 , λ Ξ * bb = 0.22 ± 0.03 GeV 3 and λ Ω * bb = 0.25 ± 0.03 GeV 3 . The parameters used in the photon DAs are given in Ref. [85] . The QCD sum rule for the magnetic dipole moments of the doubly heavy baryons, besides the above mentioned input parameters, include also two more extra parameters. These parameters are the continuum threshold s 0 and the Borel mass parameter M 2 . According to the QCD sum rules philosophy we need to find the working regions of these parameters, where the magnetic dipole moments of the doubly heavy baryons be insensitive to the variation of these parameters in their working regions. The continuum threshold is not totally arbitrary, it is chosen as the point at which the excited states and continuum begin to contribute to the computations. To designate the working region of the s 0 , we enforce the conditions of operator product expansion (OPE) convergence and pole dominance. for Ω * bb baryons. The working window for M 2 is acquired by requiring that the series of OPE in QCD side is convergent and the contribution of higher states and continuum is adequately suppressed. Our numerical analysis shows that these conditions are fulfilled when M 2 changes in the regions: 4 GeV 2 ≤ M 2 ≤ 6 GeV 2 for Ξ * cc , 7 GeV 2 ≤ M 2 ≤ 9 GeV 2 for Ξ * bc , 10 GeV 2 ≤ M 2 ≤ 14 GeV 2 for Ξ * bb , 5 GeV 2 ≤ M 2 ≤ 7 GeV 2 for Ω * cc , 8 GeV 2 ≤ M 2 ≤ 10 GeV 2 for Ω * bc and 11 GeV 2 ≤ M 2 ≤ 15 GeV 2 for Ω * bb baryons. As an example in Fig. 2 , we present the dependencies of the magnetic dipole moments of doubly charmed baryons on M 2 at several fixed values of the continuum threshold s 0 . As is seen from the figure, though being not completely insensitive, the magnetic dipole moments exhibit moderate dependency on the auxiliary parameters, continuum threshold s 0 and the Borel mass parameter M 2 which is reasonable in the error limits of the QCD sum rule formalism.
Our final results on the magnetic dipole moments for the spin- 
where the quoted errors in the results are due to the uncertainties in the values of the input parameters and the photon DAs, as well as the variations in the calculations of the working regions M 2 and s 0 . We also need to emphasize that the main source of uncertainties is the variations with respect to s 0 and the results weakly depend on the choices of the Borel mass parameter. Table II shows a comparison of our results magnetic dipole moments with those from various other models such as, quark model (QM) [75] , the relativistic harmonic confinement model (RHM) [74] , MIT bag model [71] [72] [73] , Skyrmion model [76] , nonrelativistic quark model (NRQM) [22] , hyper central constituent model (HCQM) [38] [39] [40] , effective mass and screened charge scheme [63, 64] , chiral constituent quark model (χCQM) [67] and heavy baryon chiral perturbation theory (HBChBT) [59] . From a comparison of our results with the predictions of other models we observe from this table that for the the Ξ * ++ cc baryon, almost all approaches give, more or less, similar predictions. For the Ξ * + cc and Ω * + cc baryons, there are large discrepancy among results not only the magnitude but also by the sign. For the the Ξ * 0 bb baryon, our estimation is consistent within the errors with Refs. [22, 59, 74] and unlike other approaches. For the the Ξ * − bb baryon, almost all approaches give, more or less, similar predictions except the results of Refs. [71] [72] [73] , which are small. For the Ω * − bb baryon, our estimation is consistent within the errors with Refs. [39, 40, 59, 71] and different from other results. For the the Ξ * + bc baryon, we see that within errors our predictions in good agreement with the Refs [22, 59, 63, 64, 71, 74] . For the Ξ * 0 bc baryon, while the sign of the magnetic dipole moment is correctly determined, there is a large discrepancy among results. For the Ω * 0 bc baryon, almost all approaches give, more or less, similar predictions except the results of Ref. [59] and this work, which are quite large. As can be seen from the magnetic dipole moment results of the doubly heavy baryons given in this table, the results obtained using different models lead to rather different estimations, which can be used to distinguish these models. Obviously, more studies are needed to understand the current situation.
IV. DISCUSSION AND CONCLUDING REMARKS
In the presented paper we have calculated the magnetic dipole moments of the spin-3 2 doubly heavy baryons by means of the light-cone QCD sum rule. The magnetic dipole moments of the doubly heavy baryons encodes important information of their internal structure and shape deformations. Measurement of the magnetic dipole moments of the spin- 3 2 doubly heavy baryons in future experiments can be very helpful understanding the internal structure of these baryons. However, the direct measurement of the magnetic dipole moments of the spin- 3 2 doubly heavy baryons are unlikely in the near future. Therefore, any unstraightforward estimations of the magnetic dipole moments of the spin- 3 2 doubly heavy baryons could be very helpful. Comparison of our results with the estimation of other theoretical models is presented.
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